The immobilization of biomolecules is an important technique for bio-analysis, and can be applied to biosensors with both high selectivity and high sensitivity. Many researchers have developed immobilization techniques to optimize these characteristics. In the last two decades, an immobilization technique that meets the desired requirements was developed by using polyelectrolytes to form complexes, based on the electrostatic binding between polycations and polyanions. This review summarizes the techniques used for the immobilization of biomolecules by polyelectrolyte complexes; it also discusses related subjects.
Introduction
Biomolecule-modified electrodes are the fundamental components of electrochemical biosensors and biosensing devices. Biosensors are made of an electrochemical probe (transducer) with a layer of immobilized biomolecules (recognition site). The layer of immobilized biomolecules is usually composed of a polymer matrix and the immobilized biomolecules. Formerly, the matrices were simply considered to be the supporting materials for biomolecules. However, the recent development of high-performance matrices for immobilizing biomolecules has been attracting significant attention; 1 many investigations on the matrix materials have been attempted in order to achieve high-performance characteristics for immobilizing biomolecules.
Various high-performance biosensors, each of which has a unique characteristic, have been developed. In this review, high-performance characteristics, such as the sensitivity, selectivity, and stability of biomolecule-modified electrodes are presented. There are some potential methods for attaining high performance, such as the development of selectivity of the enzyme electrode, enzyme improvement, and the adoption of proper covering materials. Currently, protein engineering by the substitution of some amino acid residues in enzymes combined with genetic engineering is being used to modify biomolecule properties. This method is effective in some cases; however, it is difficult to determine which mutation improves a biomolecule's selectivity. 2 Moreover, because the mutation differs for different biomolecules, the method is not widely applicable, since it does not ensure success in improving the selectivity of all biomolecules, at this scientific stage. If a suitable material for the immobilization of biomolecules that satisfies all requirements could be found, this material could be applied to the immobilization of almost all biomolecules. It would be found that materials obtained by polyelectrolyte complex formation also satisfy the requirements concerning the immobilized biomolecules; our group first applied a polyelectrolyte complex formation, polyion complex, to the preparation of biosensors, and showed that polyion complexes were suitable for biosensors preparation. In this review, it is shown that polyelectrolyte complexes, a type of electrostatic complexes between polymers, is a suitable material for this purpose, and relevant information on polyelectrolyte complexes is presented.
Fundamentals and Properties of Polyelectrolyte Complexes
In this review, polyelectrolyte complex membranes are defined as membranes of complexes formed by cationic and anionic polyelectrolytes. An increasing number of articles on polyelectrolyte complex membranes reflects growing scientific and industrial interest in this field. 3 In this section, a brief chemical background of the polyelectrolyte complex membrane is presented, followed by an introduction of some applications based on the unique properties of these complexes.
2·1 Chemical background
When anion and cation solutions are mixed, the anion and cation associate and dissociate spontaneously. The equilibrium of association is followed by its solubility product constant ( Fig. 1(A) ). In contrast, the mixing of solutions of polyanions and polycations leads to the spontaneous formation of inter-polymer complexes via electrostatic interactions. Once the complex forms, it cannot be easily dissociated, because when one binding site dissociates, other sites remain associated ( Fig. 1(B) ). The zip mechanism model ( Fig. 1(B) ) operates during binding 4 and consequently, the obtained membrane is stable. Figure 1(B) , in which the molecular shape is represented as spherical, shows the ideal phenomenon; however, the structures of real complexes are significantly more complicated. In fact, it has been found that the thickness of a polyelectrolyte membrane is affected by the pH of the bulk solution, 5 i.e., the shape of a polyelectrolyte is altered by its surrounding environment.
Polyelectrolytes used for preparing inter-polymer complexes are usually weak poly-acids and poly-bases. Poly(allylamine) (PAA), poly-L-lysine (PLL), poly-L-arginine (PLA), poly-L-histidine (PLH), and polyethylene imine (PEI) are usually used as polycations, whereas poly(styrenesulfonate) (PSS), poly(vinyl sulfonate) (PVS), poly(acrylic acid) (PAC), poly(maleic acid) (PMA), deoxyribonucleic acid (DNA), ribonucleic acid (RNA), and their derivatives are used as polyanions.
The polyelectrolyte complexes can be divided into two types based on the preparation method (Fig. 2) . The first method employs the formation of a multilayer on a solid surface. This is commonly known as the layer-by-layer technique (LBL). 6 This method is based on the electrostatic layer-by-layer assembly of positively and negatively charged polyelectrolytes on solid substrates. In the typical case, a positively charged substrate is immersed into an aqueous solution of a negatively charged polyelectrolyte. The negatively charged polymer is adsorbed, and forms a mono-layer, thereby reversing the surface charge from the initial state. After gentle washing, the substrate is then dipped into a positively charged polyelectrolyte solution, which adds a second-monolayer on the substrate. Repetition of the immersion process leads to the formation of multilayers with controlled thickness. The disadvantages of this technique are the requirement for high-quality control of the adsorption process and the difficulty of immobilizing other molecules, such as biomolecules and colloids, because of disturbance of the layer structure.
The second method involves a simple preparation of the polyion complex (PIC) membrane by mixing the polycation and polyanion solutions, resulting in the formation of a polyion complex ( Fig. 2(B) ). The membranes may be suitable for immobilizing biomolecules because of the hetero-structure of the membrane. For the purposes of this review, polyelectrolyte complexes are categorized according to the designations LBL ( Fig. 2(A) ) and PIC ( Fig. 2(B) ) membranes, which are distinguished from PIC membranes.
2·2
Characteristics and applications of LBL and PIC membranes Polyelectrolyte complexes, i.e., LBL and PIC membranes, have several unique characteristics compared with other polymers. In particular, the separation characteristics of the membranes have been the focus of extensive studies. 6 This section presents a brief introduction of applying membranes to separating materials.
2·2·1 Separating membrane
Polyelectrolyte complexes are characterized by nanoporous structures in which the pores can be used for separation purposes. Highly uniform, microporous, thin membranes with large areas can be created by the LBL method. 7 The LBL membrane composed of PAA and PAC has pores with sizes ranging from 50 to 200 nm. Moreover, the pore size can be controlled to 17 nm based on sodium chloride addition while preparing the membrane. 8 A modification of the nanoporous characteristics of the membranes can be achieved by changing the components of the membranes. We found that molecular-size nanopores can be achieved in a PIC membrane composed of PSS and PLL, where the penetration of the molecular species is strongly influenced by the molecular size; i.e., species with molecular weights less than that of 110 g/mol can penetrate through the PIC membrane, whereas larger species are excluded by the membrane (Fig. 3) . 9 The specific characteristics of the membrane are also dependent on the components of the PIC membranes. For example, if a polycation-rich membrane (positively charged membrane) is prepared by changing the polyanion/polycation ratio, it will be difficult for positively charged species to penetrate through the membrane (Fig. 4) , and the converse is also true for negatively charged species and polyanion-rich membranes. On the basis of this concept, the penetration of ionic species though the PIC membrane can be regulated by controlling the membrane charge. 10 The micro-and nano-pores of polyelectrolyte complexes can also be applied to the separation system. The separation of several species has been investigated using LBL membranes; also, systems for the separation of gases and the separation of ionic species from aqueous solution have been developed. LBL membranes have been applied to the separation of specific gases, such as methyl mercaptan 11 and a type of smoke. 12 Ionic species in solution, such as chloride/phosphate, 13 sodium/calcium, 14 chloride/fluoride, 15 halogen ions 16 and ionic dyes, 17 have also been separated using LBL membranes. Similar separation systems can be obtained using PIC membranes. Moreover, the PIC membranes can be applied to the pervaporation separation of species, such as methyl tert-butyl ether (MTBE) and methanol, 18, 19 because the membranes possess the self-standing property, i.e., thick PIC membranes can be easily obtained as compared with LBL membranes. Control of the separation characteristics of LBL membranes can be achieved by changing the experimental conditions, such as the membrane thickness, ionic strength 20 of the solution and polyelectrolyte species.
2·2·2 Coating material
Polyelectrolyte complexes can be applied as coating materials in a wide variety of applications because the physico-chemical properties of materials can be changed by coating their surface with polyelectrolyte complexes. Almost all types of materials can be coated by these complexes. Even wood can be coated for protection purposes and for creating new functional features. 21 Likewise, the surface properties of ordinary materials can be converted by coating. For example, the surface wettability of materials can be converted by coating with polyelectrolyte complexes, 22 suitable environments for living cells can be created by the polyelectrolyte complex coating for cell culture, 23, 24 and protein adsorption can be regulated by the coatings. [25] [26] [27] Electrostatic interaction between membranes and proteins influences the degree of adsorption of the protein; electrostatic attraction causes an increase in adsorption, 25 whereas electrostatic repulsion decreases the protein adsorption on the membrane. 26 By changing the component ratio of polycations and polyanions on the PIC membrane, the adsorption of protein can be suppressed. 27 When this method is applied to immuno-sensing, immunological measurements with high-sensitivity can be accomplished. 27 Polyelectrolyte complexes may be used for the immobilization of not only small molecules, but also nano-particles. Nano particle-immobilized LBL membranes, for example, can be applied to electrochromic devices. 28 Polysaccharides, 29 Cu(II) ions 30, 31 and Ru(bpy)3 2+ ions 32 have been immobilized in LBL or PIC membranes. From these reports, it has been found that small molecules can be immobilized in polyelectrolyte complexes.
Bioengineering Directional Polyelectrolyte Complexes
From the previous section, it can be inferred that polyelectrolyte complexes have several unique properties, such as perm-selectivity and molecular entrapment capacity with sufficient stability. On the basis of the reports presented above, polyelectrolyte complexes can be applied to the immobilization of biomolecules for use in bioengineering applications, such as bioreactors and biosensors. In this section, detailed information on polyelectrolyte complexes for use in biosensor applications is introduced.
3·1
Assembly of biomolecule-immobilized polyelectrolyte complexes As was briefly described above, the assembly process of LBL membranes involves the repetition of alternate immersion of the substrate into polycation and polyanion solutions. Positively charged proteins can be used instead of polycations in the LBL preparation method, [33] [34] [35] thereby facilitating the assembly of protein-LBL membranes by means of this modification. In contrast, for the assembly of PIC membranes, a polycationic polymer is used along with the proteins. 9, 36, 37 This method is shown in Fig. 5 , where the polyanion solution was placed on the substrate (Fig. 5(A) ); the addition of a protein and polycation solution immediately results in the mixed solution becoming turbid (Fig. 5(B) ). After drying, biomolecule-immobilized PIC membranes can be obtained (Fig. 5(C) ). Because a certain amount of polycation (or polyanion) molecules are presented on the surface of the PIC membranes, another biomolecule can be bound by a cross-linking reaction between the biomolecule and the functional residue of the polymer. [38] [39] [40] [41] [42] [43] The assembly methods for LBL and PIC membranes are quite easy, and the membranes readily lend themselves to applications in the immobilization method of biomolecules.
The LBL assembly method can be modified by the formation of a polyion complex on a self-assembled monolayer that is negatively (or positively) charged; even a monolayer of polyelectrolyte polymer can be used to immobilize biomolecules. [44] [45] [46] [47] The assembly methods can be easily applied to electrically charged surfaces.
After the preparation of biomolecules immobilization by PIC membranes, other polymers can be synthesized by electrochemical polymerization. After preparing PIC membranes containing enzymes, polypyrrole can be synthesized in the membranes electrochemically. [48] [49] [50] Even though other polymers can be synthesized in the PIC, the PIC membranes are not destroyed, but can be used for biosensors.
3·2 Permselective property
Several coexisting, interfering molecules are present in food and blood samples. It is known that there are two types of interferences for electrochemical bio-sensing systems; the first is fouling materials and the other interference comes from materials that cause an interfering current. As described in section 2·2·1, polyelectrolyte complexes can be used for the purpose of separating species. This interesting property of polyelectrolyte complexes can be applied to bio-sensing systems where the signal from species that interfere with the analytical measurements can be rejected by using the membranes. In fact, electrochemical interferants such as L-ascorbic acid (vitamin C), uric acid, and acetaminophen may obscure the accurate measurements of food and body fluid samples. Applying LBL 51 and PIC 9, 10, 36 membranes to the bio-sensing systems obviates this problem by decreasing the interfering current, and thereby lowering the detection limit of analytes by improving the signal-to-noise ratio (S/N). On this basis, we have developed biosensors for glucose, 9, 45, 52 ethanol, 53 L-lactate, 36, 44, 54 L-glutamate, 55, 56 pyruvate, 57 NADH (reduced form of nicotinamide adenine dinucleotide), 58 acetylcholine, 59 L-amino acids, 60 and D-amino acids 61 by immobilizing the respective oxidases on PIC membranes.
For the L-amino acid and D-amino acid sensors, because the amino acid oxidases react with several amino acids, the response on each substrate depends on the relative activity of the enzyme on that substrate and the permeability for the substrate. The current response to D-amino acids was observed on D-amino acid oxidase-immobilized PIC membranes using two electrodes. 61 The responses obtained using a D-amino acid oxidase-attached PIC membrane, in which the enzyme is immobilized on the surface of the membrane, and using a D-amino acid oxidase-immobilized PIC membrane, in which the enzyme is entrapped within the membrane, are compared in Table 1 . Because the positioning of the enzyme on the membrane is different for the two electrodes and the permeation of each substrate to the immobilized enzyme in the PIC membrane is dependent on the size of the D-amino acids, the order of response varies for each D-amino acid. It is interesting to note that the response ratio for each D-amino acid corresponds to the permeation profile (Fig. 3) . It can be seen that as the MW of the amino acids distribute around the "cut-off" MW of the PIC membrane, as shown in Fig. 3 , small molecules such as alanine (MW 89) and serine (MW 105) can penetrate through the membrane, and can react with the enzyme even at the inner position of the membrane. The size-exclusion effect of this PIC membrane will be applied to distinguishing amino acid species. 60, 61 As described in the previous section, 2·2·1, the component ratio of polyanion/polycation would be influenced on the apparent biosensor responses; for urease-immobilized PIC, it was found that a ratio of 1:1 was the suitable membrane for detection. 62 Moreover, it was found that the carbon number of the electrostatic binding structure between two electrolytes of the PIC membranes was influenced by the response change of the biosensor based on the enzyme-immobilized PIC membrane. 63 The phenomena would be caused by a change of the permselective property change of the membranes because of the nanopore structure change; i.e., the permselective property of the PIC membrane could be designed by selecting proper polyanion and polycation. Detail studies by the molecular modeling would be expected.
The unique separation properties can be applied to other systems, such as immunological measurements that sometimes require the separation of bound/free antigen-antibody conjugates. This separation can be achieved by using polyelectrolyte complexes. 64, 65 
3·3 Protection from fouling
Polyelectrolyte complexes may also be employed for protection from surface fouling, for example, by the prevention of protein adsorption. This effect is also useful in biosensor systems where protection from fouling may enable repetitive usage and accurate measurements. The electrical charge of the membrane surface influences the amount of protein adsorption. 27, 66 Because control of the surface charge can be more easily accomplished for PIC membranes than for LBL membranes, PIC membranes are more suitable for the prevention of fouling. Polyelectrolyte complexes have been used in immunological measurements to prevent non-specific adsorption of proteins or other materials.
27,66-68

3·4 Entrapment of small molecules
For constructing electrochemical biosensors and enzyme electrodes based on oxidoreductases, the design of an electron pathway between the enzymes and the electrodes is important. 1 There are three types of electron pathways: electro-active products can be obtained from the enzyme, (electron) mediator, and direct electron transfer (Fig. 6(A) ). If the enzyme produces electrochemically irreversible species, a mediator can be employed in the biosensor system. In this case, the mediator is usually co-immobilized with the enzyme in the membrane, in order to prevent loss. 69 However, the usual polymer membranes for bio-sensing systems are limited in that they cannot retain the entrapped mediators in the membranes or impair the function of the mediators. The function of mediators in the membranes may be restricted by the mobility of the mediators in the membranes; if the immobilization of mediators is too loose, the mediator will be lost to the solution, and if the immobilization is too tight, the mediator will lose its function. The function of the mediator is therefore contingent on a delicate balance between restriction and freedom in the immobilization condition. It has been found that polyelectrolyte complexes can be used to maintain the function of the mediator.
The enzyme-mediator system can be categorized in two sub-types, as shown in Fig. 6(B) . In the first type, the mediator is bound to the polymer chain (bound type); in the other type the mediator is entrapped in the membrane (unbound; entrapped type). A direct relationship between the concentration of the mediator in the membrane and the current is important for the effective function of these enzyme-mediator systems. For the entrapped type, the key point is the mobility of the mediator in the membrane. Polyelectrolyte complexes can also be applied to the preparation of mediator-type enzyme electrodes, whereby small molecules can be completely immobilized in the polyelectrolyte complex membranes, as described in Sect. 3·1; i.e., almost all of the mediator can be immobilized in the membrane. Moreover, the advanced function of polyelectrolyte complexes involves the retention of a certain extent of mobility in PIC membranes. In bound-type enzyme mediator systems, an osmium complex is mainly used as the mediator, 70, 71 whereas ferrocene particles, [72] [73] [74] [75] [76] methylene blue, 77 Cu(II) ion, 78 and toluidine blue 79 can be used as the mediator in the entrapped-type system.
3·5 Other properties and applications
As described in the previous section, polyelectrolyte complexes can be used to immobilize a number of molecules ranging from small ionic molecules to large species. Several papers outlining the exploitation of the characteristics of these systems have been published, and the details of two such studies are introduced here. The first study deals with the immobilization of microorganism in polyeletrolyte complexes. 80 Microorganisms usually have a negatively charged surface, and are regarded as enzyme clusters, so that the immobilized cell can be used as a micro-scale plant. In this study, it was found that almost all (90%) of the immobilized recombinant Escherichia coli cells were viable, and the enzymes in the cells maintained their initial activity. 80 The second study deals with a gold nanoparticle immobilized PIC membrane. Antibodies were immobilized on gold nanoparticles and the antibodies were used for electrochemical immunosensing. 81 For the immobilization of biomolecules in polyelectrolyte complexes, it has been reported that immobilized enzymes retain higher activities than native enzymes, 82, 83 and were stable. 82, 84 From these reports, it is also evident that polyelectrolyte complexes are suitable materials for immobilizing biomolecules. The main focus of the preceding discussion was the application of polyelectrolyte membranes to biosensors and enzyme electrodes. However, polyelectrolyte complexes can be applied in other fields, and applications to bio-fuel cells will be introduced here. Biofuel cells convert the chemical energy of biofuels, such as glucose, alcohol, and organic materials, into electrical energy. Enzymatic bio-fuel cells (EFCs) use enzymes as the catalyst for the reaction. There are several types of EFCs that have been classified by the electron pathways between the enzyme and the base electrode, similar to the description presented in Sect. 3·4. 85 Polyelectrolyte complexes have been found to be suitable for use as a matrix in the assembly of mediator-type EFCs. In fact, mediator-type EFCs, which use a mediator, such as vitamin K3, 86, 87 Cu 2+ ion, 88 or ferricyanide ion, 86 have been developed.
Conclusions
Polyelectrolyte complexes, which are made of polyanions and polycations, can be used to immobilize biomolecules with both high efficiency and high reactivity. Because the complexes have unique characteristics, such as perm-selectivity and the capacity to entrap small molecules, they have been applied to several areas, extending beyond biochemical analysis. The immobilization of biomolecules can be achieved while retaining the characteristics of the molecules and maintaining or enhancing their properties and functions, thereby making polyelectrolyte membranes quite suitable materials for immobilizing biomolecules. For these reasons, polyelectrolyte complexes can be applied not only to the preparation of biosensors, but also to other developments, such as bioreactors and bio-fuel cells. In addition to the accumulation of knowledge about the molecular conformation of the complexes, improvements in the properties of the complexes can be achieved, and the application of biomolecule-immobilized polyelectrolyte complexes can be extended to a wide variety of scientific areas.
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